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Gene expression in two cultivars of Brassica napus (AC Excel and DH12075) has been compared at the full-size embryo, desiccation, and
mature stages of seed development. Seed of these cultivars differ in their potential to exhibit secondary dormancy following environmental stress;
Excel has high potential and DH12075 has low potential. A majority of genes were down-regulated during maturation in both cultivars but a
significant number of differences in gene expression between the cultivars were apparent in the transition from full-size embryo to mature seed.
However, most differences were apparent in the desiccation stage and some of the differences were in genes related to signaling processes and
protein biosynthesis. We suggest that the propensity of Brassica seeds to manifest secondary dormancy may be determined by changes in gene
expression that occur during late seed development.
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Seed development may be divided into four distinct stages:
embryo patterning, embryo growth, seed filling, and seed
desiccation. Following completion of embryo growth, major
changes include accumulation of storage products (e.g.,
proteins, oil, and starch), followed by desiccation, during
which seeds acquire drought tolerance and primary dormancy is
often induced [1]. Dormancy is a crucial adaptive trait that
allows a species to determine the timing of seed germination
such that it has a higher probability of occurring under favorable
growth conditions. The expression of dormancy is genetically
controlled and highly dependent on environmental conditions
during seed maturation [2,3].
Many types of dormancy have been described including
dormancy due to immature embryo at dispersal, dormancy
imposed by impermeable seed coats, and dormancy induced by
environmental factors [1,4]. Based on the timing of induction,⁎ Corresponding author.
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doi:10.1016/j.ygeno.2006.11.008dormancy may be divided into primary dormancy, which is
induced during the late stages of seed development by the
interactions between endogenous factors, especially the phyto-
hormone abscisic acid (ABA), and environmental factors; and
secondary dormancy, which is imposed in certain otherwise
nondormant seeds by abiotic stresses (e.g., light, moisture,
anoxia, and temperature) during seed development, seed
storage, or germination [5–8]. Although seed dormancy occurs
widely in wild plants, seeds of most crop species, including
Brassica napus, have little or no primary dormancy [9,10].
However, secondary dormancy may be induced in certain
cultivars of B. napus after exposure to stressful environmental
conditions [7,10,11]. Due to the induction of secondary
dormancy, a high population of canola seeds remains in the
soil seed bank after canola has been grown [12,13]. These
dormant seeds may germinate (volunteer) over several subse-
quent years, causing weed control and contamination problems
in succeeding crops [14,15]. The induction of secondary
dormancy has been studied in many genotypes of B. napus
under different environmental conditions [7,10,11,16,17]. The
expression of dormancy under osmotic stress ranged from zero
to approximately 60% in winter genotypes and up to 85% in
spring types [10]. Recently, Gulden et al. [11] evaluated the
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secondary dormancy potential in B. napus. It was found that
genotype contributed between 44 and 82% to the total variation
in secondary dormancy among 16 genotypes. Seed size
contributed 21% to the variation and the effect of different
harvest regimes was 0.1 to 4.5%. A key question is as follows:
why is secondary dormancy induced only in specific species or
cultivars?
Recent gene expression studies using microarrays have
shown that there are vast gene expression changes during seed
filling and desiccation. Distinct expression patterns related to
carbohydrate metabolism, lipid biosynthesis, and storage
protein accumulation have been documented [18–20]. How-
ever, the relationship of gene expression to the potential for the
induction of secondary dormancy during seed maturation in B.
napus has not been investigated.
B. napus and Arabidopsis thaliana belong to the mustard
family (Brassicacea) and diverged 16–19 million years ago.
Nucleotide sequence conservation in exons is typically in the
range of 80–90%, whereas in introns it is ∼70% [21]. This
sequence similarity allows the use of Arabidopsis microarrays
to profile gene expression in Brassica [20]. For consistency, we
refer to Brassica genes by the locus ID of their corresponding
Arabidopsis homologues. A parallel B. napus EST program is
in progress to identify target sequences. This program provides
the sequences of Brassica genes and forms the basis for future
Brassica microarrays.
Our preliminary experiments showed that secondary dor-
mancy cannot be induced in seeds of B. napus L. cv. DH12075
(DH) but can be induced in seeds of cv. AC Excel (ACE). The
proportion of ACE seeds exhibiting secondary dormancy may
reach 80% following treatment with PEG [22]. Although DH
plants and seed appear slightly larger than ACE plants and seed,
they are otherwise morphologically identical and seeds ofFig. 1. Seeds of Brassica napus L. cv. DH12075 at selected developmental stages. (A
(D–F) Embryos corresponding to A–C. Bar indicates 1 mm.neither cultivar exhibit primary dormancy (data not shown). In
this study, we compared gene expression during seed matura-
tion in DH and ACE cultivars in relation to the potential for the
induction of secondary dormancy using Arabidopsis AR12K
cDNA microarrays.
Results and discussion
Among B. napus cultivars, there is a substantial variation in
the potential for the induction of secondary dormancy, which is
influenced by several factors, the most important of which is
genotype [7,10,11,16]. The expression of genes during seed
maturation is dependent on both genotype and environmental
conditions and the extent of secondary dormancy varies from
year to year in susceptible cultivars. In this study, microarrays
were used to profile gene expression during seed maturation in
B. napus L. cv. DH12075, which exhibits a low potential for the
induction of secondary dormancy, and cv. AC Excel, which has
a high potential. The key stages of seed maturation at which
gene expression was profiled are shown in Fig. 1. To avoid year-
to-year variability, we used one batch of seed for each cultivar.
Microarray results are expressed relative to expression in the
mature-stage seeds of each cultivar (expression at mature stage
divided by expression at another stage). Therefore, for example,
a down-regulated gene (ratio <1) has lower expression at the
mature stage than at the other stage under consideration. In
addition, gene expression at the mature-seed stage was
compared directly between cultivars.
Confirmation of microarray data
Reliability of the microarray data was confirmed using
two-step real-time PCR (RT-PCR) with 18S rRNA as an inter-
nal standard. Seventeen representative genes including up-) Full-size embryo stage (FS); (B): desiccating stage (DS); (C) mature seed (MS).
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from the microarray data for confirmation. The expression
ratios of the selected genes calculated from microarray-derived
data were similar to ratios calculated from RT-PCR (Fig. 2A)
and the correlation coefficient was 0.80 (Fig. 2B), indicating
that the microarray data are reliable.
Overall expression patterns
Gene expression in mature seeds was used as the reference
point for the comparisons and genes whose expression level
changed more than twofold compared to control were selected
for further study. As will be noted later, there were few
differences between the cultivars in gene expression at the
mature-seed (MS) stage.
There were 327 statistically significant genes whose
expression level changed more than twofold during DH seed
maturation and 311 genes changed similarly during ACE seed
maturation. An overall view of the expression levels of the
significant genes in both DH and ACE maturation is shown inFig. 2. Comparison of expression ratios of representative genes selected from
microarray data with ratios calculated from RT-PCR data. The data represent
ratios of gene expression levels in the microarray of ACE-FS vs. ACE-MS (A).
The correlation coefficient between the ratios calculated from microarray and
RT-PCR was 0.80 (B).Fig. 3, revealing similar patterns in both cultivars. As expected,
there were greater differences in magnitude between the full-
size embryo (FS) and MS stages than between the desiccating
seed (DS) and MS stages. An alternate, complementary
representation of the data is shown in Supplementary Fig. 1.
Most of the statistically significant, differentially expressed
genes were expressed similarly in seeds of both cultivars at the
FS stage. However, there were more differences between the
cultivars at the DS stage. More genes were down-regulated than
were up-regulated in both cultivars, especially relative to the DS
stage (Fig. 3).
From the comparison of FS vs. MS, there were 107 genes up-
regulated more than twofold in DH and 100 genes up-regulated
in ACE. Among the resulting total of 207 up-regulated genes,
72 were expressed in both cultivars, 35 were specific to DH, and
28 were specific to ACE. Similarly, among the total of 235
down-regulated genes, 81 were down-regulated in both
cultivars, 26 were specifically down-regulated in DH, and 47
were down-regulated only in ACE. However, in the microarray
comparison of DS vs. MS, there were only 4 genes up-regulated
solely in DH seeds and none in ACE. Among the 191 down-
regulated genes, 33 were found in both DH and ACE, whereas
76 and 50 were specific to DH and ACE, respectively (Fig. 4).
Among commonly up-regulated genes identified in the
microarray comparison of FS vs. MS, 34 were involved in the
metabolism of carbohydrates, lipids, and proteins and response
to internal and external stimuli. The biological processes
associated with the remainder are unknown (Supplementary
Table 1).
Three genes that are responsive to endogenous and abiotic
stimuli were highly up-regulated in both DH and ACE
(Supplementary Table 1). At5g66400 encodes a dehydrin;
dehydrins are hydrophilic and glycine-rich proteins that are
thought to protect cellular structures from dehydration during
cold and drought stress and are induced by ABA [23].
Dehydrins also accumulate in mature, dry seeds in Arabi-
dopsis [24]. At4g34000 encodes a protein with similarity to
abscisic acid-binding factors, which are transcription factors
that mediate abscisic acid signaling and are expressed in
response to stress [25,26]. Finally, At2g40170 coded for a
protein, AtEm6, that is responsive to ABA and expressed
throughout the embryo mainly at late stages of seed
development [27] and whose expression shows no correlation
with seed dormancy in Arabidopsis [28]. The high-level
expression of these stress- and ABA-responsive genes is
consistent with the observed high level of ABA at the full-size
embryo stage in both DH and ACE seeds (Fig. 5) and with the
dehydration process. The role of ABA in regulating seed
maturation is well known.
It is well known that after completion of embryo growth,
reserve materials are deposited in the endosperm or cotyledons.
Synthesis of storage components begins at approximately 3
weeks after flowering and is maximal from weeks 4 to 7 in B.
napus after flowering [29]. ABA plays an important role in the
synthesis of reserve proteins and inhibits precocious germina-
tion of the embryo within the seed [1]. We also found that the
genes associated with lipid transport (At1g12090) and lipid
Fig. 3. Hierarchical clustering of the significant genes in DH and ACE seeds at the FS and DS stages. Data are presented in terms of expression at the MS stage. Up-
regulated genes are colored red, down-regulated genes are green, and genes that show no significant change are yellow.
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ration in both DH and ACE.
Four up-regulated genes encoding protein kinases (At3g09830,
At1g28440, At1g75970 and At2g33830) specifically occurred
in DH seeds (Table 1). Many different proteins may be affected
by phosphorylation, which may activate entire metabolic
pathways and deactivate others. For example, an ABA-induced
protein kinase was identified in developing wheat seeds [30]
and environmental factors such as drought and cold increased
the kinase levels [31]. On the other hand, four genes
(At2g01340, At4g05050, At5g03240, and At5g19990), related
to protein metabolism including polyubiquitins, and one gene
(At4g31390), related to protein modification, were up-regulated
only in ACE seeds (Supplementary Table 1). Polyubiquitin
genes are transcribed and translated into polyproteins that are
cleaved into monomers by specific proteases [32]. Ubiquitin
plays an essential role in a large number of eukaryotic cellular
processes by targeting proteins for proteasome-mediated
degradation [33]. The results suggest that there are differences
in the regulation of protein metabolism between the two culti-
vars. Furthermore, the Brassica homologues of At5g14750,
encoding a transcription factor (a member of MYB family
proteins), and At3g58680, encoding a transcriptional co-
activator (a member of MBF1 family proteins), were up-
regulated only in DH. MYB proteins play important roles in the
regulation of secondary metabolism, the control of cell shape,
disease resistance, and hormone and stress responses [34].
MBF1 proteins are ethylene responsive [35] and it has
been suggested that there is an association of ethylene
biosynthesis and seed maturation [36]. As expected, the
expression of a substantial number of genes declined during
seed maturation in both cultivars (Figs. 3 and 4). Many of these
commonly down-regulated genes were associated with energy
pathways including carbohydrate metabolism, protein metabo-
lism. and photosynthesis (Supplementary Table 1). For
example, a gene encoding a 12S seed storage protein
(At4g28500) was down-regulated in both cultivars during
seed maturation. This gene is associated with embryo
development and is abundant during the latter half of embryo-genesis when ABA plays a role in gene regulation [37].
Reduced expression of this gene at the MS stage is consistent
with its role in earlier stages of embryo development and seed
maturation.
It has been reported that the cotyledons of developing canola
embryos are rich in chlorophyll up to midmaturation and then
undergo a rapid programmed loss that is usually completed well
before the seed is mature [38]. Consistent with this finding, 10
genes related to photosynthesis were suppressed during seed
maturation (Supplementary Table 1). A number of genes related
to transport, e.g., 2S seed storage protein for lipid binding
(At4g27150) and nonspecific lipid transfer protein (At2g38530)
were also down-regulated (Supplementary Table 1). This
suggests that there are high activities in transportation,
especially lipid transport, at the full-size embryo stage relative
to the mature seeds.
Considering the specifically down-regulated genes, there
were more in ACE seeds at the full-size embryo stage than in
DH seeds (Fig. 4 and Supplementary Table 3). The 26 genes
down-regulated only in DH seeds at the mature-seed stage
relative to the full-size embryo stage were mainly associated
with metabolism, photosynthesis, biotic and abiotic stimulus
response, and transport. An important difference between DH
and ACE was that a gene coding for a protein kinase
(At5g10520) was down-regulated in DH seeds, but four genes
related to protein biosynthesis (At4g29060 and At5g64440) and
to protein metabolism (At4g01610 and At5g43060) were down-
regulated in ACE seeds (Supplementary Table 1). These
examples further support the suggestion above that protein
metabolism was significantly different in DH and ACE. It was
also noted that two genes encoding transcription factors
(At1g50600 and At5g10280) were specifically down-regulated
in ACE seeds (Supplementary Table 1). The gene At1g50600
coded for a scarecrow-like transcription factor, which is a
GRAS family protein and is associated with signaling and
development in Arabidopsis [39]. The gene At5g10280 coded
for MYB92, another MYB-type transcription factor. It is
interesting that the transcription factorMYB66 was up-regulated
in DH seeds (Supplementary Table 1).
Fig. 4. Venn diagram comparison of the significant up- and down-regulated
genes whose expression changed more than twofold in the microarray data from
FS vs. MS and DS vs. MS in DH (red) and ACE (green) seeds.
Fig. 5. Endogenous ABA levels in full-size embryo seed (FS), desiccating seeds
(DS), and mature seeds (MS) of B. napus L. cv. DH12075 (DH) and cv. AC
Excel (ACE). Each value is a mean of three replicates. Bars indicate SE.
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mature seeds
In the microarray comparison of DS vs. MS, there were no
genes up-regulated at the MS stage more than twofold in ACE
seeds and only four were specifically up-regulated in DH seeds
(Supplementary Table 4). These genes included a member of the
protein kinase family (At1g79570) and a dehydrin family gene
(At1g54410) Table 2.
However, there were more genes down-regulated at the MS
stage relative to the DS stage in both cultivars (Fig. 4). Among
these down-regulated genes, 33 genes occurred in both cultivars
(Supplementary Table 5), of which 7 were associated with
protein biosynthesis and metabolism, indicating a decline in
protein biosynthesis and metabolism during seed desiccation. It
was also found that gibberellin-regulated protein 4 (GASA4)
encoded by At5g15230 was suppressed. This protein was up-
regulated by gibberellins in Arabidopsis [40], suggesting that
the levels of endogenous GAs were low in mature seeds. In this
study, the levels of GAs in DH and ACE seeds were below the
limits of quantification (20 ng/g of tissue for GA3 and GA1 and
15 ng/g tissue for GA4 and GA7).
Significant differences between cultivars were observed in
the down-regulated genes at the DS stage. In DH seeds,
down-regulated genes were involved mainly in primary
metabolism, photosynthesis, protein metabolism, abiotic and
endogenous stimuli response, and transport (Supplementary
Table 6). The expression of four transcription factors
(At1g25280, At3g60080, At4g32040, and At5g16470) and
three protein kinases (At2g39110, At4g31390, and At5g19450)was suppressed in DH seeds. Only 7 genes associated with
protein biosynthesis and metabolism were down-regulated
(Supplementary Table 2). But among 50 specifically down-
regulated genes in ACE seeds, 30 were associated with protein
biosynthesis (Supplementary Table 2), indicating a substantial
decline in protein biosynthesis during seed desiccation in ACE.
It has been reported that the expression of AtRP27B and
AtRPL36B, which encode two 60S ribosomal proteins,
dramatically declined in high-temperature-induced secondary
dormant seeds in Arabidopsis [8]. In the present work, a set of
RPL27 homologues was down-regulated only in ACE, and not
in DH seeds (Supplementary Table 2). The differential down-
regulation of genes associated with protein biosynthesis
suggests a fundamental difference in posttranscriptional pro-
cesses between the two cultivars. The expression of two genes
(At1g20900 and At2g01570) encoding transcription factors was
also decreased in ACE (Supplementary Table 2).
Mature seeds
Although there were significant differences in gene expres-
sion during seed maturation between DH and ACE, it was
surprising to find that there was only one gene up-regulated and
nine genes down-regulated more than twofold in ACE mature
seed compared to DH mature seed (Supplementary Table 7).
Abscisic acid
The phytohormone ABA is known to play a crucial role
during seed maturation and is involved in the induction of
primary dormancy. Recent studies have also suggested involve-
ment of ABA in secondary dormancy. Gulden et al. [16] showed
that seeds with high dormancy potential were more sensitive to
ABA than seeds of low dormancy potential and that induction of
secondary dormancy could be blocked by inhibiting ABA
biosynthesis. In this study, the amount of ABA in ACE seeds
was double that in DH seeds at both the full-size embryo and
desiccating stages (Fig. 5), suggesting the possibility that
different amounts of ABA may cause a differential expression
of the cultivar-specific genes, e.g., transcription factors and
Table 1
Selected commonly and specifically up- and down-regulated genes
AGI
number
Fold change Description (The Arabidopsis Information Resource;
TAIR)
Biological process (Nick's classification)
DH ACE
Commonly up- and down-regulated significant genes
At1g15110 5.99 5.43 Phosphatidyl serine synthase family protein Lipid metabolism
At5g66400 12.83 11.60 Dehydrin Response to endogenous and abiotic stimuli
At2g40170 26.63 17.20 ABA-regulated protein AtEm6 Response to endogenous stimulus
At4g34000 2.25 3.51 ABA-responsive element-binding protein Response to endogenous stimulus and stress, transcription
At1g12090 2.42 2.57 Protease inhibitor/seed storage/lipid transfer protein Transport
At4g28520 0.29 0.07 12S seed storage protein, putative Embryo development
At2g38530 0.29 0.33 Nonspecific lipid-transfer protein Transport
At4g27150 0.19 0.07 2S seed storage protein 2 precursor Transport
Specifically up and down regulated significant genes
At3g09830 2.29 Protein kinase, putative Protein modification
At1g28440 2.00 Leucine-rich repeat transmembrane protein kinase Protein modification, signal transduction
At1g79570 2.85 Protein kinase family protein Protein modification, signal transduction
At2g33830 2.56 Dormancy/auxin associated family protein Protein modification, signal transduction
At5g14750 3.68 Myb family transcription factor (MYB66) Transcription
At3g58680 2.15 Transcriptional coactivator protein Transcription, response to endogenous stimulus
At2g01340 2.20 Unknown protein Protein metabolism
At4g05050 2.30 Polyubiquitin (UBQ11) Protein metabolism
At5g03240 2.38 Polyubiquitin (UBQ3) Protein metabolism
At5g19990 2.01 26S proteasome AAA-ATPase subunit Protein metabolism
At4g31390 2.21 ABC1 family protein, contains, protein kinase activity Protein modification
At5g10520 0.38 Putative Pto kinase interactor Protein modification
At4g29060 0.43 Elongation factor Ts family protein Protein biosynthesis
At5g64440 0.36 Amidase family protein Protein biosynthesis
At4g01610 0.37 Cathepsin B-like cysteine protease Protein metabolism
At5g43060 0.49 Cysteine proteinase, putative Protein metabolism
At1g50600 0.45 Scarecrow-like transcription factor 5 (SCL5) Transcription
At5g10280 0.48 Myb family transcription factor (MYB92) Transcription
Selection was based on statistical significance and a minimum 2-fold change in the microarray comparison of FS vs. MS in both DH and ACE seeds.
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DH and ACE seed maturation. However, mature DH12075 seed
was more sensitive to ABA than AC Excel seed (Fig. 6). One
possible interpretation is that higher ABA levels in AC Excel
occur to compensate for reduced ABA sensitivity and that ABA
responses are similar overall in both cultivars. However, a role
for ABA in enabling secondary dormancy cannot be excluded. It
has been reported that ABA may affect the activity of protein
kinases [41] and the geneMAD1 (At3g63210,Mediator of ABA-
regulated Dormancy 1) was up-regulated by ABA [42]. A gene,
ATS4 (At4g25580), that occurred in stress-induced dormant
seeds was also highly up-regulated [8]. But in our study, the
expression of these genes did not change in DH and/or ACE seed
maturation although a high level of ABA was detected in full-
size embryo seeds of both cultivars. This may indicate that ABA
levels during development are insufficient to trigger primary
dormancy during seed development, but it remains to be seen
whether these genes are expressed when dormancy is induced.
Summary
Since the two cultivars compared in this study have different
genetic backgrounds, it is expected that the genotype differ-
ences would be manifested by differences in gene expression.
However, since the only apparent phenotypic difference
between the cultivars is in their dormancy potential, it is likelythat at least some of the gene expression differences are related
to this phenotype. At the mature seed stage, there are very few
differences in gene expression between the cultivars, but a
significant number are apparent in the developmental transition
from full-size embryo to mature seed. Most differences are
apparent in the dehydration stage and some of the differences
are in genes related to signaling processes whose effects would
be magnified by the amplifying effects of signal cascades.
Therefore, we suggest that the propensity of the seeds to mani-
fest secondary dormancy at maturity is related to differences in
gene expression that occur during the later part of seed
development. There is likely to be an environmental influence
on these processes, since the potential for dormancy varies from
year to year, but it remains unclear whether the amounts of ABA
or responses to ABA also play a role.
In future studies, we will functionally test selected differen-
tially expressed genes and also examine the gene expression
changes that take place on induction and release of secondary
dormancy.
Materials and methods
Plant growth
Seeds of B. napus L. cv. DH12075 and cv. AC Excel were sown in 4-
liter pots containing Terra-lite Redi-earth mix (W. R. Grace and Co., Ajax,
ON, Canada). A total of 10 g of time-release (100-day) 14-14-14-fertilizer
Table 2
Selected commonly and specifically up- and down-regulated genes
AGI
number
Fold change Description (TAIR) Biological process (Nick's
classification)
DH ACE
Commonly up- and down-regulated significant genes
At5g15230 0.07 0.23 Gibberellin-regulated protein 4 (GASA4) Response to endogenous stimulus
Specifically up and down regulated significant genes
At1g79570 2.84 Protein kinase family protein Protein modification
At1g54410 2.75 Dehydrin family protein Response to stress and abiotic stimulus
At1g26880 0.48 Putative 60s ribosomal protein L34 Protein biosynthesis
At5g57870 0.41 Eukaryotic initiation factor 4, eIF4-like protein Protein biosynthesis
At5g60390 0.41 Elongation factor 1-alpha Protein biosynthesis
At3g60350 0.37 Armadillo/beta-catenin repeat family protein Protein metabolism
At5g22030 0.21 Ubiquitin-specific protease 8, putative Protein metabolism
At5g35100 0.36 Peptidyl-prolyl cis-trans isomerase cyclophilin-type family protein Protein metabolism
At5g53300 0.41 Ubiquitin-conjugating enzyme 10 Protein metabolism
At2g39110 0.49 Protein kinase, putative Protein modification
At4g31390 0.43 ABC1 family protein Protein modification
At5g19450 0.45 Calcium-dependent protein kinase 19 Protein modification
At1g25280 0.36 F-box family protein/tubby family protein Transcription
At3g60080 0.43 Zinc finger (C3HC4-type RING finger) family protein Transcription
At4g32040 0.44 Homeobox protein knotted-1 like 5 (KNAT5) Transcription
At5g16470 0.39 Zinc finger (C2H2 type) family protein Transcription
At1g02780 0.48 60S ribosomal protein L19 Protein biosynthesis
At1g08360 0.43 60S ribosomal protein L10A Protein biosynthesis
At1g09590 0.43 60S ribosomal protein L21 Protein biosynthesis
At1g15930 0.40 40S ribosomal protein S12-1 Protein biosynthesis
At1g18540 0.49 60S ribosomal protein L6 Protein biosynthesis
At1g30230 0.41 Elongation factor 1-beta Protein biosynthesis
At1g70600 0.30 60S ribosomal protein L27A Protein biosynthesis
At1g72370 0.35 40S ribosomal protein SA Protein biosynthesis
At2g05220 0.46 40S ribosomal protein S17 Protein biosynthesis
At2g34480 0.49 60S ribosomal protein L18A Protein biosynthesis
At2g37270 0.29 40S ribosomal protein S5 (RPS5A) Protein biosynthesis
At3g04400 0.41 60S ribosomal protein L23 Protein biosynthesis
At3g11940 0.42 40S ribosomal protein S5 Protein biosynthesis
At3g24830 0.49 60S ribosomal protein L13A Protein biosynthesis
At3g48930 0.45 40S ribosomal protein S11-1 Protein biosynthesis
At3g49010 0.35 60S ribosomal protein L13 Protein biosynthesis
At4g14320 0.44 60S ribosomal protein L36a/L44 Protein biosynthesis
At4g15000 0.43 60S ribosomal protein L27 (RPL27C) Protein biosynthesis
At4g16720 0.46 60S ribosomal protein L15 (RPL15A) Protein biosynthesis
At4g18730 0.21 Putative ribosomal protein L11 Protein biosynthesis
At4g26230 0.49 60S ribosomal protein L31 Protein biosynthesis
At4g31700 0.47 Putative ribosomal protein S6 Protein biosynthesis
At4g34670 0.46 40S ribosomal protein S3A Protein biosynthesis
At4g39200 0.39 40S ribosomal protein S25 Protein biosynthesis
At5g02610 0.41 60S ribosomal protein L35 Protein biosynthesis
At5g07090 0.44 40S ribosomal protein S4 Protein biosynthesis
At5g09510 0.45 40S ribosomal protein S15 Protein biosynthesis
At5g19510 0.47 Putative elongation factor 1B alpha-subunit Protein biosynthesis
At5g23740 0.47 40S ribosomal protein S11 Protein biosynthesis
At5g65220 0.48 Ribosomal protein L29 family protein Protein biosynthesis
At4g08980 0.43 F-box family protein (FBW2) Protein metabolism
At1g20900 0.48 DNA-binding protein-related Transcription
At2g01570 0.49 Gibberellin response modulator (RGA1) Transcription
Selection was based on statistical significance and a minimum 2-fold change in the microarray comparison of DS vs. MS in both DH and ACE seeds.
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pot was watered daily with 200 ml of nutrient solution (150 μg ml−1 N,
62.5 μg ml−1 P, and 125 μg ml−1 K) at the early growth stage, with
400 ml of the solution from 3 weeks after sowing, and with 200 ml of the
solution during seedmaturation. The plants were grown in a greenhousewith 20/
16°C (d/n) temperature, 16/8 h photoperiod, and 250 μmol m−2 s−1 light
intensity.Seed development was observed in an initial batch of plants in which flowers
were labeled at anthesis to record times at which the seeds reached the selected
developmental stages: full-size embryo, desiccating seed, and fully mature seed
(Fig. 1). A minimum of 30 seeds were collected and weighed from each cultivar
at 2-day intervals starting from 16 days after anthesis. Siliques and seeds were
harvested at the appropriate times from plants grown subsequently under
identical conditions. Seeds were collected sequentially from 10 plants of each
Fig. 6. Germination of DH and ACE seeds in the presence of varying
concentrations of (+)-ABA. Batches of 50 seeds of each cultivar on two petri
dishes were cold-treated at 4°C for 2 days and then incubated in the dark at 22°C
for 7 days. Germination was counted as the number of seeds with emerged
radicles.
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full-size embryo stage was identified by recording the time at which seeds
reached maximum size and fresh weight. Seed color was dull green to light green
and the embryo was green to yellow green. There were no brown pigment spots
on the outer integument (Figs. 1A and 1D). This stage occurred at approximately
28 days after anthesis in cv. DH and 30 days in cv. ACE. The desiccating stage
was defined by seed in which fresh weight decreased to the midpoint between the
fresh weights of full-size embryo seed and those of mature, dry seed. The testa
was dark brown and the embryo was pale yellow green (Figs. 1B and 1E). This
stage occurred between 10 and 12 days after the full-size stage in both cultivars.
The fully mature seeds were harvested when siliques were completely dry. The
testa was dark purple and the embryo was yellow (Figs. 1C and 1F). The rate of
water loss during desiccation was similar in both cultivars.
RNA extraction
B. napus seed is rich in oil and protein, as well as pigments; therefore, the
protocol for RNA extraction was modified from conventional methods and the
RNeasy kit instructions. Seed samples (0.3–0.4 g FW) were ground into a fine
powder in liquid nitrogen. The powder was transferred into a 15-ml plastic
centrifuge tube containing 5 ml of RLT buffer (RNeasy kit, Qiagen), 100 μl of β-
mercaptoethanol, and 0.5 g PVPP-8000 (hydrated and autoclaved) and
periodically vortexed for 5 min. Then 2 ml of chloroform:isoamyl alcohol
(24:1) was added and the mixture was vortexed for 2 min and then centrifuged at
5000 g, 4°C for 20 min. The supernatant was transferred into a new 15-ml glass
centrifuge tube, 5 ml of phenol:chloroform:isoamyl alcohol (25:24:1) was
added, vortexed for 2 min, and then centrifuged at 12,000 g, 4°C for 15 min. The
supernatant was transferred into a new 15-ml plastic tube with the addition of 1/
10 vol of 2 M NaAc (pH 4.8) and 1 vol of isopropanol and stored at −80°C for
1 h. The sample was then allowed to warm to room temperature and centrifuged
at 5000 g, 4°C for 15 min. The pellet was washed with 75% (v/v) ethanol and
centrifuged at 5000 g, 4°C for 10 min. After removal of the supernatant, the
pellet was resuspended in 500 μl of DEPC-treated ddH2O, with the addition of
1 vol of 4 M LiAc, and stored at 4°C overnight. After centrifugation of the
mixture at 12,000 g, 4°C for 15 min, the pellet was washed with 75% ethanol
and centrifuged at 12,000 g, 4°C for 10 min. The pellet was dissolved in 500 μl
of DEPC-treated ddH2O and the dissolved total RNA was purified using the
protocol provided with the RNeasy kit. The purified total RNAwas dried with a
speed vacuum and stored at −80°C.
cDNA synthesis and labeling
Total RNA (80–100 μg) was reverse-transcribed and labeled with CyDyes
provided with the CyScribe Post-Labeling Kit (Amersham Biosciences). Each
cDNA sample was labeled separately with Cy3 and Cy5. The two reactionproducts (target and reference) were combined and purified with a CyScribe
GFX Purification Kit (Amersham Biosciences). The purified Cydye-cDNAwas
completely dried with a speed vacuum and was ready for hybridization.
Microarray hybridization and scanning
Arabidopsis AR12K cDNA microarrays from Keck Biotechnology
Resource Laboratory, Yale University were employed. According to the
instructions provided with the slides, each microarray was prehybridized
with 26 μl of prehybridization solution [48% (v/v) formamide, 3.2× SSPC, 0.4%
(w/v) SDS, 2× Denhardt's, and 0.16 mg ml−1 of salmon sperm DNA] at 75°C for
2 min; after cooling to 50°C, the array was placed in a hybridization chamber,
which was wrapped in aluminum foil and incubated at 50°C for 1 h. The
microarray was washed with ddH2O and 75 and 100% ethanol, respectively
(2 min each wash), and the slides were air-dried.
The labeled cDNA target was dissolved in 6 μl of ddH2O, 1 μl of 20× SSPC,
and 1 μl of blocking solution (Amersham Biosciences). After denaturation at
94°C for 2 min, 18 μl of hybridization solution [62.8% (v/v) formamide, 5×
SSPC, 0.8% (w/v) SDS, and 4× Denhardt's] was added. Then 26 μl of the target
solution was loaded onto the slide, sealed with a coverslip, and placed in a Glass
Array Hybridization Cassette (Ambion Inc. USA). The cassette was submerged
in a water bath at 42°C for 18 h.
The slide was washed once with 2× SSC+0.1% (w/v) SDS for 10 min, twice
with 0.2× SSC+0.1% (w/v) SDS for 10 min, and once with 0.2× SSC for 5 min.
All washes were carried out in the dark, at room temperature, and with gentle
shaking. The array was centrifuged at 1000 g for drying.
Microarray comparisons of gene expression were performed between full-
size embryo seeds vs. mature seeds and desiccating seeds vs. mature seeds in
each cultivar. Mature seeds were used as control. Microarray comparison was
also performed between mature seeds of each cultivar. Each pair of microarray
comparisons was repeated three times with the total RNA from different
biological samples and each cDNA sample was labeled with Cy3 and Cy5 (dye
swap experiments). Thus, the expression ratios in the present work are the mean
values from six replicates consisting of three biological replicates, each of which
was hybridized twice with dyes reversed (technical replicates).
Data analysis
The fluorescence intensity of each spot was quantified using a laser scanner
(ScanArray 4000, Microarray Analysis System, GSI Lumonics) with ScanArray
software version 3.1 (Packard BioScience, BioChip Technologies LLC,
Billerica, MA).
The microarray data were normalized using Lowess' method [43]. Gene
expression in a total of six replicates (consisting of three biological replicates,
each repeated with dyes reversed) was analyzed to identify significant
differences between treatment and control using the Statistical Analysis of
Microarray (SAM) data software [44], in which the parameters were set as
follows: False discovery rate: 5%; Data response type: paired data; Data in log
scale: log2; Number of permutations: 1000; Imputation engine: K-Nearest
neighbor imputer. Based on the SAM analysis, a cutoff value of twofold and a
P value of 0.05 were used to select a subset of significant genes for further
analysis.
Gene clustering analysis was performed with GeneSpring version 6.1
(Silicon Genetics, San Carlos, CA). The gene tree was created by K-means
clustering with 100 iterations and standard correlation in the Similarity Measure.
Classification of the biological processes associated with the significant
genes was performed using Nick's Classification SuperViewer Tool with
Bootstrap [45], in which the data are automatically derived from MIPS (Munich
Information Center for Protein Sequence) [46]. The annotation of the AR12K
cDNA microarray was updated in January 2005 by searching the 11,926 MSU
sequences against TAIR's transcript and gene database, using a 1×10−50 cutoff
value. There were 11,738 sequences annotated with locus ID and 7043 unique
A. thaliana loci were found in the array.
Real-time PCR
The microarray data were further confirmed by two-step RT-PCR for 17
selected genes including genes that were significantly up- and down-regulated,
427H. Fei et al. / Genomics 89 (2007) 419–428as well as some that were relatively unchanged using the same source of total
RNA. The first step of reverse transcription was performed with a
RETROscript Kit (Ambion, Austin, TX). 18S rRNA was used as an internal
standard to relatively quantify the initial amount of cDNA in real-time PCR.
The protocol for this relative quantification was provided by a QuantumRNA
18S Internal Standards Kit (Ambion). The real-time PCR was performed with
a Platinum SYBR Green qPCR SuperMix UDG Kit (Invitrogen, Carlsbad,
CA) and an iCycler iQ Multicolor Real-Time PCR Detection System with
Optical System Software version 3.1 (Bio-Rad Laboratories, Inc., Hercules,
CA). The primers for RT-PCR were designed based on the gene sequences in
Arabidopsis.
ABA analysis
The frozen seed samples were ground into a fine powder in liquid nitrogen
and lyophilized for 48 h. Approximately 100 mg DW of each sample (exact
weight was recorded) was used for ABA analysis by HPLC-ESI/MS/MS. The
procedures for extraction, purification, and ABA quantification were described
in Chiwocha et al. [47].
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